In established methods for analyzing ribozyme kinetics, radiolabeled RNA substrates are primarily used. Each data point requires the cumbersome sampling, gel electrophoretic separation, and quantitation of reaction products, apart from the continuous loss of substrate by radioactive decay. We have used stable, double fluorescent end-labeled RNA substrates. Fluorescence of one fluorophore is quenched by intramolecular energy transfer (FRET). Upon substrate cleavage, both dyes become separated in two RNA products and fluorescence is restored. This can be followed in real time and ribozyme reactions can be analyzed under multiple (substrate excess) and under single (ribozyme excess) turnover conditions. A detailed comparison of unlabeled, single, and double fluorescent-labeled RNAs revealed moderate kinetic differences. Results with two systems, hammerhead ribozymes in I/II (small ribozyme, large substrate) and in I/III format (large ribozyme, small substrate), are reported.
INTRODUCTION
Hammerhead ribozymes are small RNA motifs that self cleave at one specific phosphodiester bond+ In vivo, this ribozyme occurs as an intramolecular motif in several small RNA pathogens, in viroids, and in virusoids (Symons, 1989 )+ In vitro, it can be split into two RNA oligonucleotides by opening two of the three hairpin loops in the minimal conserved structure (Fig+ 1A) (Uhlenbeck, 1987; Haseloff & Gerlach, 1988; Koizuma et al+, 1988; Jeffries & Symons, 1989 )+ Many features of RNA biochemistry were studied with these small catalytic RNAs, including mutational analyses with both natural and modified nucleotides (Bratty et al+, 1993; Burgin et al+, 1996; Clouet-D'Orval & Uhlenbeck, 1996) , the functional importance of metal ions (Dahm & Uhlenbeck, 1991; Murray et al+, 1998) , and high-resolution structures with X-ray crystallography (Pley et al+, 1994; Scott et al+, 1995) and with intramolecular fluorescence resonance energy transfer (FRET) (Tuschl et al+, 1994 )+ Furthermore, format I/III is vigorously pursued as a tool for specific gene inactivation (Haseloff & Gerlach, 1988; Rossi, 1997 )+ All experiments that employ a ribozyme require kinetic analysis of the cleavage reaction+ This dynamic process has to be analyzed by data acquisition at multiple time points-a rather cumbersome requirement+ Furthermore, radiolabeled substrate RNAs are primarily used, and this requires repetitive RNA preparation and purification+ Recently, real-time measuring of changes in FRET was introduced to follow substrateribozyme interactions (Li et al+, 1995; Perkins & Goodchild, 1997; Walter & Burke, 1997 )+ Substrate RNAs were applied that carried only one fluorescent label and changes in FRET occurred upon formation of the intermolecular complex with ribozyme RNA+ These studies revealed details in substrate binding of the Tetrahymena group I ribozyme (Li et al+, 1995) + For hammerhead (Perkins & Goodchild, 1997) and hairpin (Walter & Burke, 1997) ribozymes, real-time monitoring of the subsequent cleavage reaction was possible+ Fluorescence of a fluorescein-labeled substrate was quenched in the complex with the ribozyme due to interaction with a quencher dye (Perkins & Goodchild, 1997) or with a proximal, unpaired G base (Walter & Burke, 1997) in the ribozyme+ Because monitoring of cleavage kinetics was dependent on the preformed ribozyme-substrate complex, it was limited to singleturnover conditions with saturating ribozyme excess+ Similar to the 59-exonuclease assay for real-time mon-itoring of PCR reactions (Heid et al+, 1996) , we applied double-labeled RNA substrates carrying fluorescein (FAM) at the 39 end and tetramethylrhodamine (TAMRA) linked to the 5 position of the base moiety of a 59-terminal deoxythymidine (Fig+ 1B,C)+ In intact substrate RNA, fluorescence of FAM is quenched by intramolecular energy transfer to TAMRA+ In the cleavage products, both dyes are separated and the increase of FAM fluorescence can be used to monitor the cleavage reaction in real time (Fig+ 1B,C)+ Because of spectral overlap of both dyes, FAM signal includes substantial contribution of TAMRA, and quantitative analysis requires a software that corrects for this spectral overlap+ This feature was provided in the TaqMan system, initially developed for quantitative PCR (Heid et al+, 1996 )+ In our initial experiments (Hanne et al+, 1998) , the feasibility of this approach was demonstrated+ Here, we report detailed kinetic data including potential dye effects+ In a previous report (Jenne et al+, 1999) , FRET was used with a double fluorescent-labeled RNA (FAM and TAMRA) to follow multiple turnover of a hammerhead ribozyme in format I/III+ In our study, examples for formats I/II and I/III were analyzed in multiple-and also single-turnover conditions+ A direct correlation of FRET data with gel electrophoresis was possible, either by 59-32 P-labeling of the double fluorescent-labeled FRET RNA or by fluorescence gel scanning, which excites only the quencher dye, if spectral overlap with the reporter is avoided+ Furthermore, these nonoverlapping FRET pairs allow the use of standard fluorimeters+ The analyzed RNA constructs are shown in Figure 1+ 
RESULTS

Hammerhead ribozyme in format I/II with multiple turnover conditions
First, potential effects of fluorescent dyes were analyzed+ Complete kinetic characterizations were performed with a standard technique, using radiolabeled substrates and subsequent gel analysis (StageZimmermann & Uhlenbeck, 1998 )+ Three 59-32 P-labeled substrate RNA variants were analyzed: unmodified RNA, single fluorescent-labeled RNA (39-terminal FAM), and double fluorescent-labeled RNA (39-FAM and 59-TAMRA)+ The 59-terminal hydroxyl group was still available for 59-32 P-labeling as TAMRA had been attached via a linker to the base moiety of deoxythymidine+ It is of general importance to avoid attachment of fluorescent dyes at the phosphate next to guanosine, not only with FAM (Livak et al+, 1995) , but TAMRA as well (K+K+ Singh, unpubl+) due to potential quenching interference+
The 59-32 P-labeled RNA variants were checked for the fraction of cleavable substrate by exhaustive cleavage with increasing ribozyme concentrations (up to .80-fold excess)+ All three variants were cleaved to a similar extent of ;75% (not shown)+ This value was used to convert nominal to effective substrate concentrations+ Kinetic data of all three RNA variants were obtained with 10 nM ribozyme and 20-1,000 nM substrate RNAs+ Results are compiled in Table 1+ Dyes had only moderate effects on K m and k cat values+ Overall, dye labels resulted in increased k cat /K m or improved catalytic efficiency+ Initial experiments with the double fluorescent-labeled RNA had shown a significant decrease of the FAM signal within 60 min+ The signal could be stabilized by the addition of 10% ethanol, resulting in an increased lipophilicity of the reaction buffer (Hanne et al+, 1998 )+ Therefore, all buffers for FRET-based monitoring contained 10% ethanol+ With 59-32 P-labeled RNAs, we performed kinetic studies with and without the addition of ethanol+ No significant differences were observed+ A direct comparison of conventional and real-time detection is shown for the double fluorescent-labeled substrate+ The cleavage reaction was analyzed with timed aliquots of 59-32 P-RNA and gel electrophoresis (Fig+ 2A, B) and by real-time monitoring of FRET (Fig+ 2B)+ The use of a sequence detection system (ABI Prism 7700) allows the measurement of fluorescent spectra of up to 96 samples in a microtiter plate of a thermal cycler+ However, the output data were only relative values for FAM fluorescence+ For calibration, double fluorescent and 59-32 P-labeled substrate RNAs were used+ Reactions were analyzed by FRET and, in addition, by subsequent gel electrophoresis and phosphorimaging+ This provided a direct quantitative correlation for incubation endpoints and revealed a linear correlation of increase in FAM signal and fraction of cleaved substrate (data not shown)+ These data were used to calibrate the output data that are shown in Figure 2B+ TABLE 1+ Kinetic data+ k obs was determined at pH 6+5, and multiplied with factor 10 for comparison with the other data obtained at pH 7+5 (Stage-Zimmermann & Uhlenbeck, 1998) 
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In principle, hybridization of double-labeled substrate with ribozyme should already sterically separate both dyes and disrupt intramolecular FRET (Fig+ 1)+ However, this was not observed+ We analyzed the consequences of mixing substrate with excess ribozyme in a fluorimeter+ In the absence of magnesium we observed an immediate increase in the FAM signal due to hybridization+ The addition of magnesium was followed by a further substantial increase due to cleavage (Fig+ 3A,B)+ Presumably, the hybrid is still sufficiently flexible, as it is not a continuous RNA double helix+ Furthermore, it is arranged in a three-dimensional Y-shaped form (Pley et al+, 1994; Tuschl et al+, 1994; Scott et al+, 1995) that brings together helices I and II, and thus also both attached dyes+
The lower practical limit for fluorescence detection with our system (ABI Prism 7700) was about 60 nM double-labeled substrate RNA, incubated in the pres-FIGURE 3. Detection of rapid (, 1 min) changes of FRET with ribozyme excess+ A: Format I/II; B: format I/III+ Double fluorescentlabeled substrate (60 nM) was mixed with 5 mM ribozyme (at pH 6+5) and fluorescence was measured with a standard fluorimeter+ Initially, readings were taken after 15, 30, 45, and 60 s and then every minute until a constant signal was observed (5 min)+ Reactions were started by adding MgCl 2 (arrow), followed by readings at 1-min intervals+ Please note that quantification is obscured by FAM/ TAMRA spectral overlap+ C: Deduced reaction scheme+ FRET (between reporter dye F and quencher Q) is maintained in free and in hybridized substrate; thus FRET occurs also after cleavage and is disrupted only after dissociation of cleavage products+ ence of saturating ribozyme (5 mM)+ Under these conditions, the cleavage is very fast, and to obtain a more accurate value for the catalytic rate, these measurements were performed at pH 6+5 instead of the standard pH 7+5+ Therefore, the reaction is slowed down approximately tenfold (Clouet-D'Orval & Uhlenbeck, 1996)+ We compared conventional analysis by polyacrylamide gel electrophoresis and direct monitoring with FRET (Fig+ 4)+ Again, relative FAM signals were calibrated as described in the preceding section+ The value for k obs was corrected for standard conditions at pH 7+5 and included in Table 1+ In our ribozyme system, values for k obs were similar to k cat under multipleturnover conditions (Table 1 )+ This means cleavage kinetics were not limited by product release (StageZimmermann & Uhlenbeck, 1998) , as both products were hybridized only by short, 5-bp helices+
Hammerhead ribozyme in format I/III
Analyses were performed as described above+ Exhaustive substrate cleavage with saturating ribozyme resulted in 80% cleaved substrate RNA (data not shown)+ Calibrated curves for FRET with substrate excess (Fig+ 5A) and with ribozyme excess (Fig+ 5B) are shown; the derived kinetic data are included in Table 1+ In addition to FAM (emission 518 nm) and TAMRA (580 nm) with spectral overlap, we applied the essentially nonoverlapping combinations of FAM with Cy-5 (675 nm) or BODIPY-650 (665 nm)+ These provide the opportunity to obtain (1) quantitative data with standard fluorimeters (included in Table 1 ) and (2) quantitative imaging of gels by direct excitation of the quencher dye (STORM with 635 nm light source), avoiding the complication of FAM quenching in the intact substrate (Fig+ 5C)+
DISCUSSION
We used sophisticated instrumentation, a microtiter plate thermocycler and fluorescent reader+ It continuously records complete fluorescence spectra, and even more important, the spectral overlap of FAM and TAMRA signals are corrected by internal calibration of the software+ A simple fluorimeter lacks this feature+ No parallel readings are possible in a standard fluorimeter, but higher sensitivity is advantageous, as low as 1 nM FAM-labeled RNA can be used (Walter & Burke, 1997) instead of the 60 nM required for SDS 7700+ This limitation was overcome by taking advantage of the observation by us (Hanne et al+, 1998) and others (Tyagi et al+, 1998) that efficient quenching is possible with nonoverlapping pairs, like FAM and Cy-5 (or its equivalent BODIPY)+ It should be noted that introduction of dye labels affects kinetic parameters with further dependence on the actual dye moiety (Table 1 )+ With unmodified RNAs, the observed values for k cat and k obs were in the normal range for hammerhead ribozymes, but they were lower than the high rates reported for similar format I/II constructs (Clouet-D'Orval & Uhlenbeck, 1996)+ However, we made the following changes in the substrate RNA: in stem I, an extra, unpaired U was added and in stem II, the 59-terminal G was replaced by dT+ These changes may seem minor, but as reported subsequently (Clouet-D'Orval & Uhlenbeck, 1997) the cleavage rate is very sensitive to length changes in stem I and stem II+ Interestingly, the addition of ethanol was useful in maintaining a constant FAM signal, but it had no effect on the hammerhead cleavage kinetics+ This is in contrast to significant rate enhancements observed for other ribozymes: cleavage with RNase P RNA (Kazakov & Altman, 1991) and ligation with group I intron (Doudna et al+, 1991 ; G+ Krupp, unpubl+)+ For each substrate, FRET efficiency and extent of possible cleavage will vary+ These data are not available from FRET analysis only+ The extent of FRET efficiency limits the signal difference between intact and cleaved substrate, but occurrence of fluorescent reporter signal will always be directly proportional to the fraction of cleavage products+ An initial signal increase will be followed by a more or less constant plateau+ But it is not justified to assume that the plateau is equivalent to 100% cleavage+ This value has to be determined by subsequent gel electrophoresis, either with radioactive RNA or with double-labeled RNA where the quencher dye can be excited directly+ For this purpose, we used Cy-5 or BODIPY as quenchers, as they can be quantitatively detected with STORM imager in the red mode+ A similar detection of the reporter (FAM) is not quantitative, as FRET also occurs in denaturing gels and its efficiency is unknown+ It should be noted that FRET can only monitor cleavage products that have dissociated from the ribozyme (Fig+ 3C)+ This limits its application to reactions in which product dissociation is faster than the cleavage step+ The presented method is useful for the wide range of studies where the same substrate RNA is used to characterize effects of changed reaction conditions (Burgin et al+, 1996; Clouet-D'Orval & Uhlenbeck, 1996; Murray et al+, 1998) , addition of cellular proteins (Müller et al+, 1994; Sioud & Jespersen, 1996) , antibiotics (Stage et al+, 1995) , base mutations (Bratty et al+, 1993) , base (Burgin et al+, 1996) or nuclease-resistant backbone (Beigelman et al+, 1995) modifications, seclusion of the hammerhead motif in duplex structures (Sioud & Jespersen, 1996) , or in large transcripts (Rossi, 1997 )+ 
MATERIALS AND METHODS
Ribozymes and substrates
Ribozyme cleavage reactions and conventional assay
Multiple-turnover conditions: 20 mL ribozyme reaction contained 10 nM ribozyme (200 fmol) and excess 59-32 P-labeled substrate (as specified in figure legends) in 50 mM Tris-HCl (pH 7+5), 20 mM MgCl 2 , and 10% ethanol (or no ethanol)+ For format I/III, ribozyme and substrate were preincubated (95 8C for 1 min, 5 min at 37 8C) and the reaction was started by adding MgCl 2+ For format I/II, starting with MgCl 2 caused a time lag; therefore ribozyme and substrate were preincubated separately (95 8C for 1 min, 5 min at 37 8C) and the reaction was started by combining both components+ Aliquots of 3 mL each were taken after 1, 2, 5, 20, and 60 min at 37 8C, reactions were terminated by adding an equal volume of loading buffer (8 M urea, 50 mM EDTA, 0+03% dyes), and were analyzed by 20% gel electrophoresis and phosphorimager (STORM, Molecular Dynamics)+ Single-turnover conditions: 60 nM substrate were incubated at 37 8C with 5 mM ribozyme and 2 mL aliquots were taken after 15, 30, and 45 s, and then after 1, 3, 5, 15, and 30 min+
Collection and calibration of real-time FRET data
The same reaction conditions were used as above+ The reaction mix was transferred to a 96-well plate (Costar), and the reaction was started by addition of MgCl 2 (format I/III) or ribozyme (format I/II)+ Readings in the TaqMan system (PE Applied Biosystems Prism SDS 7700) were recorded (duration 15 s) in 1-min intervals at 37 8C for 60 cycles+ Immediately afterward, the reaction was stopped by adding an equal volume of gel loading buffer, followed by gel electrophoresis and imager analysis+ Thus, the fraction of cleaved substrate was determined with 32 P-labeled RNA and phosphorimaging (FAM/TAMRA) or fluorimaging (red mode) with FAM/Cy-5 or FAM/BODIPY-650+ For calibration of FRET data, the raw multicomponent data were exported to Microsoft Excel and average FAM readings for every 1-min cycle were taken+ Data were normalized by setting the first readings of all wells as zero+ Then, determined cleavage fraction was equated to the final relative value for FAM fluorescence+ Linear correlation of these values had been confirmed (data not shown) and values for shorter times were calculated accordingly+
Michaelis-Menten parameters
Multiple-turnover conditions: initial velocities (fmol/min) were plotted against substrate concentrations+ EnzPack software (Biosoft, USA) was used to obtain values for K m and k cat using the nonlinear Wilkinson method+ Single-turnover conditions: values for time-dependent cleavage fractions were used to calculate k obs (Stage-Zimmermann & Uhlenbeck, 1998 )+
Fluorescence measurements with fluorimeter
Single-turnover reaction conditions were as described for FRET with the TaqMan system+ In an SFM 25 Fluorimeter (Kontron Instruments) at 488-nm excitation and 518-nm emission, 85 mL substrate were mixed with 5 mL ribozyme and readings were taken immediately and after 15, 30, 45, and 60 s, and every minute until a stable signal was reached+ Reactions were started by adding 10 mL of 200 mM MgCl 2 +
